By reducing soil organic matter and litter input, land-use changes are predicted to decrease total soil fungal diversity, but at functional levels this have been poorly studied. It is expected, though, that increasing disturbance decreases saprotrophic and mycorrhizal fungi biodiversity. This study aimed to determine the effects of land-use changes on the phylogenetic and functional diversity of soil fungi in the Southern Andes. We assessed the fungal communities of Andosol topsoil at 1 cm and 10 cm soil depth. The soil samples were obtained from a gradient of anthropogenic disturbance; specifically, plots were located within pristine forest, overstory-managed, and clearcut conditions. We used a cultivation-independent molecular barcoding approach to assess fungal diversity and identify 1,173 OTUs from which 401 were assigned to a functional guild. While we found higher phylogenetic richness in clear-cut conditions, these soils had higher relative abundances of plant pathogen fungi and lower relative abundances of saprotrophic and ectomycorrhizal fungi compared to the other treatments. The opposite pattern was found in pristine forest. Thus, fungal species richness itself does not seem to reflect ecosystem health. Interestingly though, the lower phylogenetic diversity found in pristine forest was compensated by a higher diversity of fungi involved in nutrient cycling. 
Introduction
Soil fungal communities are crucial for ecosystem functioning and strongly drive abiotic soil conditions (van der Heijden et al., 2008; Aguilera et al., 2017; Cornejo et al., 2017) . Vice versa, fungal assemblages are dependent on soil physicochemical conditions, plant nutritional status, and plant community composition (Lauber et al., 2008) . Globally, pH, P, and Ca are the main edaphic factors structuring soil fungal communities (Tedersoo et al., 2014) .
The removal of forest vegetation by severe anthropogenic intervention because of land-use change has led to drastic changes in plant biomass and litter inputs and has severely affected the composition, biodiversity, productivity, and functionality of soil microbiota (Oyarzún et al., 2007; Holden and Treseder, 2014; Mueller et al., 2016) . Specifically, the removal of vegetation (trees and/or understory removal, clearcutting, logging) from natural ecosystems has been shown to drastically affect total soil fungal richness (Bååth et al., 1995; Spurgeon et al., 2013; Tedersoo et al., 2014; Mueller et al., 2016) , although contradicting results have also been reported (Spurgeon et al., 2013) . Mueller et al. (2016) have shown that clearcutting favors generalist fungi in tropical ecosystems while Hagerman et al. (1999) found no effects of clear-cutting on alpine ectomycorrhizal (EM) fungi.
Additionally, Zhao et al. (2011) have shown that a complete removal of vegetation significantly decreases saprotrophic fungi diversity in southern China, but a partial removal (understory plants) has no effect.
These contrasting results reveal that the interactions between ecosystem type, degree of vegetation removal, and fungal guild are complex.
In Southern Chile, various naturally and anthropogenically induced disturbances are responsible for temporal and permanent land-use changes that significantly impact local ecosystems (Godoy et al., 2009; Kitzberger et al., 2016; Marín et al., 2016; Bueno et al., 2017) . Thus, the effects of disturbance can be expected to be highly severe even on highly pristine ecosystems. Overall, as Chilean temperate rainforests are considered to have preindustrial biogeochemical conditions (Oyarzún et al., 2007; Godoy et al., 2009) , they are an ideal model system to investigate the impacts of anthropogenic induced land-use changes on soil microbial communities.
While no research has been done to document the effects of land-use change on Southern Chilean soil fungal assemblages, studies conducted in other systems can help stimulate some hypotheses. Firstly, in most ecosystems, soil fungal richness decreases with increasing removal of vegetation (Holden and Treseder, 2014; Spurgeon et al., 2013) , and the diversity of aboveground and belowground biomass has been shown to be positively correlated (Tedersoo et al., 2014) .
Secondly, the diversity of EM and saprotrophic fungi would decrease drastically with increasing removal of Nothofagus spp. because EM fungi are limited to Nothofagus spp. in southern Chilean forests (Godoy et al., 1994) , and in these forests, the decomposition of leaf litter is fundamental to nutrient cycling (Oyarzún et al., 2007; Godoy et al., 2009) . By altering the soil microbial community, anthropogenic disturbances such as deforestation cause the production and decomposition of soil organic matter to decrease. After the immediate effects of deforestation have taken place, soil functional activities such as mycorrhizal symbiosis and decomposition are substantially reduced due to the decomposition of the remaining dead biomass. In contrast, most soil nutrients are fully utilized in pristine forests. Thus, we expected to find a lower functional diversity of fungal guilds related to nutrient cycling in areas with a high level of anthropogenic disturbance. Conversely, we expected that pristine ecosystems would house a higher proportion of nutrient-cycling related fungi.
These assumptions beg the question: does the soil fungal community have mechanisms for functional compensation in response to disturbance? Specifically, does a higher proportion of nutrient-cycling related fungi compensate for low overall diversity (species richness)? Derived from the concept of ´nestedness´ (James et al., 2012) , which predicts that during ecological succession more specialized species perform increasingly specified functions, disturbance could cause functional, structural and interaction changes to occur in communities yet classical species richness might not be affected. Thus, with the basis of generalist species, specialists are required towards the succession. Generally, both types of species (generalists and specialists) are closely related (James et al., 2012) . Thus, as increasing disturbance reflects an inverse ecological succession (clear-cut could be seen as a starting point of an intact ecosystem), it is expected that there are more nutrient-cycling related specialist soil fungi in less intervened forests. Conversely, pristine forests, as they possess more competed resources (soil, litter, host plants, etc.) , are expected to be more nested, i.e. to have more nutrient-cycling related specialist fungi. Meanwhile, in clear-cut areas, abundant and non-competed resources are expected to generate less nested communities, i.e. to have less nutrient-cycling related specialist fungi. These ecological expectations (James et al., 2012) coincide with the biogeochemical observations (Oyarzún et al., 2007; Godoy et al., 2009; Kitzberger et al., 2016) mentioned above.
Here we analyzed the effects of land-use change on the phylogenetic and functional diversity of soil fungi in a temperate rainforest in Southern Chile. Specifically, we sampled two different soil depths (1 cm and 10 cm) in pristine, overstory managed, and clear-cut forests. Furthermore, the edaphic factors structuring the soil fungal assemblages were identified in the six treatments (three land-uses * two depths). Lastly, molecular barcoding approaches were used to overcome the bias introduced by cultivation of fungal communities.
Materials and Methods

Study sites and experimental design
The study sites were in Puyehue National Park, to persist for > 325 years (Oyarzún et al., 2004 Desfontainea spinosa R. et P. The forests studied are characterized by high structural complexity and plant functional diversity. Annual precipitation in the area is >7,000 mm, of which 90% is rainfall and 10% is snowfall; the annual mean temperature is 4 °C (Oyarzún et al., 2004) . These forests are mainly situated on geological substratum of volcanic origin; thus, the soils are formed from deposits of volcanic ash (Matus, 2003) . At the time of sampling the soils were still in an active stage of carbon accumulation and nitrogen retention (Garrido and Matus, 2012) .
Three random sample spots were selected in each plot. Sampling took place in summer 2013. From each spot, 500 g of soil were taken from 1 cm and 10 cm soil depths after removing the O horizon. These two depths were selected due to the strong gradient in fungal diversity with soil depth observed in other studies in the region (Valenzuela et al., 2001) . Thus, this study involved six combinations of treatments (three land-uses * two depths) resulting in 18 soil samples.
Soil samples were stored on dry ice and transported to the laboratory within 24 h. After homogenizing, a subsample of 2 g of each soil sample was used for DNA extraction. The remainder of the soil samples were dried at ambient-temperature, sieved to 2 mm, and used for soil chemical analysis.
Soil chemical analysis
Three subsamples of each of the 18 soil samples were used to measure soil physicochemical parameters (54 subsamples overall). Distilled water was used for both pH and electrical conductivity (EC) measurements. Total carbon (C) was determined using sodium dichromate and sulfuric acid oxidation, and total nitrogen (N) was measured by Kjeldahl digestion (Zagal and Sadzawka, 2007) . Organic matter (OM) was determined according to Walkley and Black (1934) .
Plant available phosphorous (P_a) was determined using Olsen extractions (Zagal and Sadzawka, 2007) . Ca, K, Mg, and Na were extracted using 1M NH 4 OAc (pH 7.0), and an atomic absorption spectrophotometer was used for measurements (AAnalyst 400, PerkinElmerInc, Massachusetts, USA; Zagal and Sadzawka, 2007).
DNA extraction, PCR, and 454 pyro-sequencing
DNA was extracted from 0.3 g soil via phenolchloroform-based extraction described by Töwe et al. (2011) , using a Precellys24 Instrument (PeqLab, Erlangen, Germany). Quality and quantity of the nucleic acids were checked using a spectrophotometer (Nanodrop, PeqLab, Erlangen, Germany) and gel electrophoresis. DNA extracts were stored at -20 °C until further processing.
The universal fungal primers ITS1F (5′-CTT GGT
CAT TTA GAG GAA GTA A-3′; Gardes and Bruns, 1996) and ITS4 (5′-TCC TCC GCT TAT TGA TAT GC-3′; White et al., 1990) were extended with unique Multiplex Identifiers (MID), a four-base library key, and the respective adapters for sample identification.
The sequence reaction PCR was performed in technical triplicates for each sample using a T3 thermocycler and all samples were purified using the Gel and PCR Cleanup Kit (Macherey Nagel, Düren, Germany). The amount of products was quantified using the Quant-iT Pico Green dsDNA Assay Kit (Invitrogen, Karlsruhe, Germany). Afterwards, fragment size and concentration was measured using a Bioanalyzer 2100 with a DNA 7500 chip (Agilent, Böblingen, Germany). PCR specificity was confirmed using three PCR controls that did not contain template DNA (DNA concentration not measurable, no signal on Bioanalyzer).
Subsequently, the samples were pooled in equimolar ratios of 1,010 molecules μl 
Bioinformatic analysis
To reduce sequencing errors, multiple levels of sequence processing and quality filtering were performed as described in Wubet et al. (2012) . Flowgrams were extracted according to 100% barcode similarity; reads with an average quality score of < 25, read length of < 200 bp, and ambiguous bases and homopolymers of > 8 bases were removed and barcodes and primers were trimmed using the split libraries script available in the "Quantitative Insights
In Microbial Ecology pipeline" -QIIME (Caporaso et al., 2010) . Using MOTHUR, reads were trimmed to a maximum read length of 450 bp (Schloss et al., 2009 ).
Afterwards, sequences were clustered and assigned to Operational Taxonomic Units (OTUs) via the QIIME implementation of CDHIT with a threshold of 97% pairwise identity. The most abundant representative sequences were selected and assigned to the respective taxa according to NCBI taxonomy. The phylogenetic assignment was based on BlastN searching using the NCBI nucleotide database for fungi annotation, excluding uncultured and environmental sequences.
The blast based taxonomic assignment script of the software for Cleaning and Analyzing Next Generation Sequences -CANGS (Pandey et al. 2010 ) was used for further processing. Chimeras were removed via the chimera uchime algorithm in MOTHUR using the same dataset as reference. For further sequence data analysis, rarefaction curves, OTU richness and diversity indices were calculated using OTUs clustered at 97% similarity. Phylogenetic analysis was also done based on 97% similarity.
The nucleotide sequence data obtained in this study was deposited to the NCBI Sequence Read Archive under the SRA accession number SRP097883 and Bioproject Number PRJNA368954.
Statistical analysis
To analyze fungal diversity patterns, three different matrices were compiled: some analyses were conducted using the raw matrix (18 samples X No. (Oksanen et al., 2015) .
Results
Soil chemical analysis
The dark Andosols of these plots are constantly formed by ash deposition from volcanic events (there have been at least three in the last five years).
Soil chemical and physical characteristics are shown in Table 1 . For all three land-use scenarios tested, the soil samples from 10 cm depth were more acidic and had a higher electrical conductivity and nutrient content compared to soil samples obtained from 1 cm depth. Interestingly, these depth-related differences were less pronounced in the Pristine plot samples and more pronounced in the Cleared plot samples. Consequently, the nutrient content of the soil samples obtained from the Cleared plot was mostly higher compared to that of soils from the same depth from the other two plots. Conversely, the highest nutrient levels were observed in the 1 cm depth Pristine plot samples.
Structural diversity of fungal communities
In total, 212,857 raw fungal sequence reads were generated from the 454-pyrosequenced PCR am- Figure 2 ). (Table 2) . Contrastingly, the Berger index and Beta contribution to diversity (by Simpson index) were lowest in the Cleared plot samples (Table 2) .
In all plots, beta diversity contribution to gamma diversity was low, though slightly higher in the Pristine_10cm samples (Table 2 ). Richness and Shannon indices were lower at 1 cm than at 10 cm depth in the Cleared plot, but an inverse pattern was found in the Managed and Pristine plots (Table 2) . Land-use, depth, and their interaction were found to be important predictors of richness and diversity indices (Table 2 ).
In total, four Phyla and one Subphylum were detect- 
Functional characterization of fungal communities
Of the total 1,173 OTUs, 401 OTUs (29.17%; 23,994 reads) could be assigned to a functional fungal guild.
Of these, 319 OTUs belonged to saprotrophic fungi, 40 to plant pathogens, 20 to EM fungi, nine to animal parasites, eight to AM fungi, eight to mycoparasites, two to lichenized fungi and one to biotroph fungi. Due to the high variation in functionally assigned reads per sample, reads were rarified to 1,333 reads per sample, which was the lowest number of functionally assigned reads per sample obtained (sample Pristine_1 cm.2).
In general, the abundance of OTUs related to AM fungi was low (Figure 4) . The relative abundance of saprotrophic fungi was higher in the Managed and
Pristine plots compared to the Cleared plot (Figure 4a) . The relative abundance and richness of EM fungi were highest in the Pristine plot. Although the richness of plant pathogenic fungi was similar in all land-use types (Figure 4b ), the relative abundance of these fungi was higher in the Cleared plot compared to the other treatments (Figure 4a ). Land-use, depth, and their interaction showed significant effects on the richness of saprotroph and plant pathogen fungi (Table 3); the relative abundance of plant pathogen fungi was significantly affected by land-use and depth, though the interaction between land-use and depth was no significant (Table 3) . For total fungi, there were almost no significant differences in alpha diversity and evenness between treatments according to the Rényi profiles. One exception was the slightly lower alpha diversity and evenness of the Pristine_10 cm treatment compared to the other treatments ( Figure 3 ). Some differences in alpha diversity and evenness were, however, observed when the Rényi profiles were calculated for specific guilds (saprotroph, EM and plant pathogen fungi; Figure 5 ). 
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Discussion
Functional compensation strategies are related to the concept of ´nestedness´ (James et al., 2012) , in which more specialist species result from ecological succession. Here we found evidence for this as the richness and relative abundance of saprotrophic and EM fungi were highest in the Pristine plot which represents a late stage of ecological succession (Oyarzún et al., 2007; Kitzberger et al., 2016) . The opposite pattern was found in the plot representing an initial successional state (clear-cut forest), were richness and relative abundance of saprotrophic and EM fungi were lowest. While animal and plant communities have been shown to have a high degree of nestedness (James et al., 2012) , this concept has rarely been applied to soil microbial communities (Castillo et al., 2016) . Nestedness, however, should not be mistaken for community composition or structure; the latter refers to the abundance and type of species present in a community. For example, here the Pristine plot had the highest nestedness (higher relative abundance and richness of specialist saprotrophic and EM fungi), and it also had the most variable community composition.
Specialist saprotrophic and EM fungi are required towards the advance of the ecological succession.
The fungal guilds found in this study which are not directly related to nutrient cycling, as plant pathogen fungi were less diverse in the Pristine plot and more abundant in the Cleared plot. This result reinforced our general expectation of higher diversity of nutrient cycling-related guilds on pristine ecosystems (Godoy et al., 2009; Medina et al., 2015; Kitzberger et al., 2016) . Overall, the forest plot had poor edaphic nutrient status compared to other world forests, which would likely foster specialization of nutrient-cycling related fungi (Godoy et al., 2009; James et al., 2012) .
The proximity of the plots to one another may explain the low level of endemism (8.6%), defined here as
OTUs present in only one of the six treatments. It is important to note that 30.8% of the OTUs were shared between at least two treatments (either land-use or soil depth), meaning that, almost a third of the OTUs were found at both depths in one of the three types of plots (Cleared, Managed, Pristine). This result gives further support for the concept of nestedness -generalist fungi would predominate before being replaced by specialist fungi during succession (James et al., 2012) . Although it can be expected that fungal communities at different soil depths are different in terms of community composition and function (Valenzuela et al., 2001) , almost a third of the OTUs were shared at both depths.
Regarding the abiotic soil properties (soil chemistry), the most striking result was that in the Pristine plot, the differences between both depths (1 cm and 10 cm) were less pronounced compared to the other two treatments. This result contradicts the expectation that a major anthropogenic intervention would have an 'homogenization effect' on soil abiotic properties (Valenzuela et al., 2001) . This being said, the small differences in composition of the soil fungal plant pathogen fungi (higher abundance in more intervened systems) and both saprotroph and EM fungi (higher abundance in less intervened systems) was reinforced by the CCA results. In the CCA the edaphic characteristics structuring total soil fungi as well as saprotrophic and EM fungi were somewhat similar while those structuring plant pathogen fungi differed.
Conclusions
Although phylogenetic fungal richness was found to be higher in the Cleared plot, this plot had the lowest proportion of saprotrophic fungi, the highest proportion of plant pathogen fungi, and almost no ectomycorrhizal fungi. Meanwhile, the Pristine plot samples had the lowest phylogenetic fungal richness and a high abundance of saprotroph fungi, but the abundances of plant pathogen fungi and ectomycorrhizal fungi were low. These results are in accordance with our hypothesis that pristine ecosystems would have a higher proportion of fungi that drive nutrient-cycling.
From this, it can be concluded that the soil fungal community has functional compensation strategies in response to disturbance. Specifically, the lower phylogenetic diversity found in the Pristine plot could be compensated by a higher diversity of fungal guilds directly involved in nutrient-cycling. Thus, it is important to measure functional diversity, rather than just phylogenetic richness, when evaluating the state of an ecosystem.
In memorian of Eduardo Valenzuela:
"The authors are deeply saddened by the lost of our colleague, professor and friend, Prof. Dr. Eduardo
Valenzuela, co-author of this study. His inmense work and love for Chilean mycology will live in our memory and will surpass generations to come.
Thank you, Eduardo."
